Hyperhomocysteinemia (hHcys) is an important pathogenic factor contributing to the progression of end-stage renal disease. Recent studies have demonstrated the implication of nicotinamide adenine dinucleotide phosphate oxidase-mediated NLRP3 inflammasome activation in the development of podocyte injury and glomerular sclerosis during hHcys. However, it remains unknown which reactive oxygen species (ROS) are responsible for this activation of NLRP3 inflammasomes and how such action of ROS is controlled. This study tested the contribution of common endogenous ROS including superoxide
a b s t r a c t
Hyperhomocysteinemia (hHcys) is an important pathogenic factor contributing to the progression of end-stage renal disease. Recent studies have demonstrated the implication of nicotinamide adenine dinucleotide phosphate oxidase-mediated NLRP3 inflammasome activation in the development of podocyte injury and glomerular sclerosis during hHcys. However, it remains unknown which reactive oxygen species (ROS) are responsible for this activation of NLRP3 inflammasomes and how such action of ROS is controlled. This study tested the contribution of common endogenous ROS including superoxide (O 2 d À ), hydrogen peroxide (H 2 O 2 ), peroxynitrite (ONOO À ), and hydroxyl radical ( d OH) to the activation of NLRP3 inflammasomes in mouse podocytes and glomeruli. In vitro, confocal microscopy and sizeexclusion chromatography demonstrated that dismutation of O 2 d À by 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (Tempol) and decomposition of H 2 O 2 by catalase prevented Hcys-induced aggregation of NLRP3 inflammasome proteins and inhibited Hcys-induced caspase-1 activation and IL-1β production in mouse podocytes. However, scavenging of ONOO À or d OH had no significant effect on either Hcysinduced NLRP3 inflammasome formation or activation. In vivo, scavenging of O 2 d À by Tempol and removal of H 2 O 2 by catalase substantially inhibited NLRP3 inflammasome formation and activation in glomeruli of hHcys mice as shown by reduced colocalization of NLRP3 with ASC or caspase-1 and inhibition of caspase-1 activation and IL-1β production. Furthermore, Tempol and catalase significantly attenuated hHcys-induced glomerular injury. In conclusion, endogenously produced O 2 d À and H 2 O 2 primarily contribute to NLRP3 inflammasome formation and activation in mouse glomeruli resulting in glomerular injury or consequent sclerosis during hHcys.
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Elevated levels of plasma homocysteine, namely, hyperhomocysteinemia (hHcys), have been extensively studied as a deleterious cause of a wide range of chronic pathological conditions, including vascular dysfunction, neurological diseases, metabolic disorders, the development of cancer, and many complications associated with aging [1] [2] [3] [4] [5] [6] [7] . Emerging evidence demonstrates a crucial role of hHcys in the progression of end-stage renal disease (ESRD) associated with various systemic syndromes or local kidney diseases such as hypertension, diabetic mellitus, and chronic kidney diseases. It has been shown to be a major pathogenic factor contributing to cardiovascular complications from ESRD [8, 9] . Mechanistically, previous studies have shown that hHcys-induced glomerular sclerosis and ultimate ESRD involve NMDA receptor activation and occur in a nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-dependent manner, which depends upon the activation of the small GTPase Rac1 and guanine nucleotide exchange factor Vav2 [10] [11] [12] . Most recently, Nod-like receptor protein 3 (NLRP3) inflammasomemediated caspase-1 activation and IL-1β production were found to be necessary for hHcys-induced podocyte and glomerular dysfunction, where inhibition of NLRP3 inflammasomes either by apoptosis-associated speck-like protein (ASC) gene silencing or by pharmacological inhibition of caspase-1 attenuated hHcysinduced injury [13] . This NLRP3 inflammasome activation is associated with NADPH oxidase activity and production of superoxide (O 2 d À ) [14] . NADPH oxidase and the reactive oxygen species (ROS) derived from its activity have been well correlated with many chronic diseases [15] . However, with many other ROS potentially involved, it remains unknown whether NADPH oxidase-derived O 2 d À itself or perhaps other species contribute to hHcys-induced inflammasome activation in podocytes.
It has been reported that the NLRP3 inflammasome, an inflammatory machinery that when stimulated results in IL-1β maturation and triggers the early innate immunity cascade to initiate an immune response, comprises three major proteins-NLRP3, considered to be the sensory component; the adaptor protein ASC; and the effector caspase-1. Deficiencies in this multiprotein complex have been associated with autoimmune disorders such as familial Mediterranean fever and Muckle-Wells syndrome, but aberrant NLRP3 inflammasome activation has extended to many traditionally considered noninflammatory disorders, including diabetes, obesity, silicosis, liver toxicity, and vascular and kidney diseases [16] [17] [18] [19] [20] [21] [22] [23] [24] . The mechanism of how the NLRP3 inflammasome becomes activated in response to diverse endogenous and exogenous danger signals remains largely obscure. With the attempt of many studies to reach a clearer understanding, multiple pathways of inflammasome activation have been proposed. It has been indicated that after a "priming signal" resulting in the expression and intracellular accumulation of pro-IL-1β, there are three potential pathways that lead to the formation or activation of NLRP3 inflammasomes to trigger proteolytic cleavage of pro-IL-1β to the mature and secreted form [19, [25] [26] [27] . One pathway suggests that K þ efflux and low intracellular K þ concentration resulting from toxin or ATP activation of the P2X7 receptor facilitates NLRP3 inflammasome assembly, whereas another suggests that frustrated or incomplete phagocytosis of large particulate signals causes lysosomal rupture, releasing cathepsin B, which promotes NLRP3 inflammasome activation in an undefined mechanism. Much evidence demonstrates that many inflammasome stimulators are also known to produce ROS, and the ROS model of inflammasome activation proposes NLRP3 to be a general sensor for changes in local and intracellular oxidative stress, allowing it to become activated in response to a diverse range of stimuli [19, [25] [26] [27] . Although homocysteine (Hcys)-induced ROS production in podocytes has been documented, it remains unknown how this Hcys-induced ROS production is involved in activation of NLRP3 inflammasomes in podocytes and ultimate glomerular injury. We have previously shown that inhibition of NADPH oxidase prevents Hcys-induced podocyte dysfunction and more recently confirmed that inhibition of NADPH oxidase and the downstream production of O 2 d À abrogates NLRP3 inflammasome formation and activation [14, 28] . However, it is poorly understood which species of ROS is responsible for NLRP3 inflammasome activation and how ROS lead to the formation or activation of this inflammasome. In this regard, recent studies have indicated that ROS may serve as important signaling messengers and that O 2 d À and hydrogen peroxide (H 2 O 2 ) are common ROS that may act as second messengers to activate inflammasomes within podocytes. Hence, this study seeks to dissect the potential role of these endogenously produced ROS in Hcys-induced NLRP3 inflammasome activation and to determine which ROS are required for glomerular injury associated with such activation of NLRP3 inflammasomes.
Materials and methods

Cell culture
Kindly provided by Dr. Paul E. Klotman (Division of Nephrology, Department of Medicine, Mount Sinai School of Medicine, New York, NY, USA), a conditionally immortalized mouse podocyte cell line was cultured undifferentiated with 10 U/ml recombinant mouse interferon-γ at 33 1C on collagen I-coated flasks in RPMI 1640 medium containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Passaged podocytes were allowed to differentiate at 37 1C for 10-14 days in the absence of interferon-γ before being ready for use in experiments. L-Hcys, the pathogenic form of Hcys, was added to cultured cells at a concentration of 40 μM for 24 h, the optimal treatment dose and time selected based on previous studies [13] . ROS scavengers were used at the following doses: 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (Tempol), 100 μM; catalase, 50 U/ml; tetramethylthiourea (TMTU), 100 μM; manganese(III) tetrakis(1-methyl-4-pyridyl) porphyrin (MnTMPyP), 25 μM; polyethylene glycol-superoxide dismutase (PEG-SOD), 50 U/ml; and ebselen, 10 μM.
Animals
Eight-week-old male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were uninephrectomized, an accepted method of accelerating renal injury, as described previously [14, 29, 30] , and allowed 1 week for surgery recovery. For 4 weeks, mice received vehicle, Tempol, or catalase treatment and were fed either a normal diet or a folate-free (FF) diet to induce hHcys. Folates are a cofactor required for the breakdown of Hcys, and restricting folate consumption in the diet prevents the remethylation of Hcys back to methionine, causing elevated levels of plasma Hcys [11, 31] . Tempol (3 mM; Sigma, St. Louis, MO, USA) was administered to the mice through the drinking water, whereas catalase (Sigma) was injected intraperitoneally at a dose of 5000 U/kg/day [32, 33] . At the end of the 4-week treatment, before blood collection, sacrificing, and harvesting of kidney tissue, urine samples were collected as mice were placed in metabolic cages for 24 h. All animal procedures and protocols were approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University.
Confocal microscopic detection of inflammasome proteins
The colocalization of inflammasome proteins was observed through indirect immunofluorescent staining of both treated podocytes and frozen mouse kidney sections. In vitro, podocytes were cultured in eight-well chambers and pretreated for 1 h with various ROS scavengers before incubation with 40 μM L-Hcys for 24 h. Cells were fixed in 200 μl of 4% paraformaldehyde for 15 min, washed with phosphate-buffered saline (PBS) before blocking with 1% bovine serum albumin in PBS, and incubated with primary antibodies overnight at 4 1C. The primary antibodies and concentrations used were as follows: goat anti-NLRP3, 1:100 (Abcam, Cambridge, MA, USA), with rabbit anti-ASC, 1:100 (Santa Cruz Biotechnology, Dallas, TX, USA), or goat anti-NLRP3 with rabbit anti-caspase-1, 1:100 (Santa Cruz Biotechnology). As for immunofluorescent staining in the mouse glomeruli, frozen slides were fixed in acetone and blocked with 3% donkey serum before overnight incubation at 4 1C with goat anti-NLRP3 (1:50) and rabbit anti-ASC (1:50) or goat anti-NLRP3 and rabbit anti-caspase-1 (1:50). NLRP3 or caspase-1 colocalization was also measured against podocyte markers podocin (1:50; Sigma) or desmin (1:50; BD Biosciences, San Jose, CA, USA), as well as glomerular endothelial and mesangial cell markers VE-cadherin (1:50; Abcam) and α-SMA (1:50; Abcam), to validate the in vivo formation of inflammasomes in podocytes of the mouse glomeruli. Double immunofluorescent staining was completed in both cultured podocytes and frozen slides by Alexa-488 or Alexa-555-labeled secondary antibody (1:200 podocytes, 1:50 frozen slides; Invitrogen, Carlsbad, CA, USA) incubation for 1 h at room temperature. After being washed, slides were mounted with Vectashield mounting medium containing DAPI (Vector Laboratories, Burlingame, CA, USA) and colocalization was observed using a confocal laser scanning microscope (Fluoview FV1000; Olympus, Tokyo, Japan). As described in our previous studies, Image Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA) was employed to analyze colocalization, expressed as the Pearson correlation coefficient [13, 14, 34] .
Size-exclusion chromatography (SEC) and Western blotting SEC was performed as described previously [14, 35] , where cultured podocytes were treated with various ROS scavengers in the presence of Hcys, as mentioned above. Briefly, the homogenate from podocytes was prepared using the following protein extraction buffer: 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-KOH (pH 7.5), 10 mM KCl, 1.5 mM Na-EDTA, 1 mM Na-EGTA, and 1 Â protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). Samples were centrifuged at 14,000 rpm for 10 min at 4 1C to remove debris, the supernatant was filtered through a 0.45-μm cellulose acetate centrifuge tube filter, and all samples were normalized by measuring their protein concentration. A total of 1 mg protein for all samples was run on a Superose 6 10/300 GL column using an ÄKTAprime Plus fast-protein liquid chromatography system (GE Healthscience, Uppsala, Sweden).
Fractions of 600 μl were collected and protein was precipitated and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Loading buffer (5 Â ) was added to the precipitated samples, boiled, and run on a 12% gel, and protein was transferred to a polyvinylidene difluoride membrane at 100 V for 1 h. After blocking, the membrane was probed with anti-ASC (1:1000; Enzo, Farmingdale, NY, USA) overnight at 4 1C, followed by incubation with horseradish peroxidase-labeled IgG (1:5000). The chemiluminescent bands were detected and visualized on Kodak Omat X-ray film, using the ImageJ software (NIH, Bethesda, MD, USA) to analyze band density.
Caspase-1 activity, IL-1β production, and urinary protein measurements
Caspase-1 activity was measured by a colorimetric assay made commercially available by Biovision (Mountain View, CA, USA), and IL-1β production was measured through an enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN, USA) and used following the manufacturer's instructions. Total urinary protein excretion was determined spectrophotometrically using the Bradford assay (Sigma).
Analysis of O 2
d À production NADPH oxidase-dependent O 2 dÀ production was determined in protein extracted from renal cortical tissue using a sucrose buffer, which was then resuspended in a modified Krebs-Hepes buffer containing deferoximine (100 μM; Sigma) and diethyldithiocarbamate (5 μM; Sigma). NADPH substrate (1 mM) was added to 20 μg protein, and each sample was tested in both the presence and the absence of SOD (200 U/ml; Sigma) to assess O 2 d À specificity. The O 2 dÀ -specific spin trapping compound 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH; 1 mM; Noxygen, Elzach, Germany) was included in the sample before analysis in an ESR spectrometer (Magnettech Ltd, Berlin, Germany) using the following settings: biofield, 3360; field sweep, 60 G; microwave frequency, 8 GHz; microwave power, 20 mW; modulation amplitude, 3 G; 4096 points of resolution; receiver gain, 20 for tissue. The SOD-specific signal was calculated by subtracting the signal obtained in the presence of SOD from the total CMH signal without SOD, with all values being expressed relative to control podocytes [14, 36, 37] .
Glomerular morphological examination
Fixed kidney tissues were paraffin embedded and stained with periodic acid-Schiff (PAS). Using a light microscope, glomerular morphology was observed and assessed semiquantitatively by counting 50 glomeruli per slide and scoring each as 0, 1, 2, 3, or 4. These values were respectively assigned according to the severity of sclerotic changes (0, o25, 25-50, 51-75, or 4 75% sclerosis of the glomerulus). The Glomerular Damage Index comprised the average of these scores and was calculated according to the following formula:
)/n, where N 1 , N 2 , N 3 , and N 4 respectively represent the numbers of glomeruli with scores of 1, 2, 3, and 4, and n represents the total number of scored glomeruli [14, 36] .
Real-time reverse transcription polymerase chain reaction (PCR)
Total RNA was isolated from podocytes, reverse transcribed to cDNA, and subject to PCR amplification according to the procedures described previously [38] . Primers were synthesized by Operon (Huntsville, AL, USA) with the following sequences: Nox1, sense AATGCCCAGGATCGAGGT, antisense GATGGAAGCAAAGGGAGTGA; Nox2, sense TGGCACATCGATCCCTCACTGAAA, antisense GGTCACTG-CATCTAAGGCAACCT; Nox4, sense GAAGGGGTTAAACACCTCTGC, antisense ATGCTCTGCTTAAACACAATCCT.
Analysis of plasma Hcys by high-performance liquid chromatography (HPLC)
Total Hcys levels were measured in the plasma of mice according to detailed methods described previously [36] .
Statistical analysis
Data are expressed as the mean 7 SEM, and significance was determined using one-way ANOVA followed by the StudentNewman-Keuls post hoc test. The χ 2 test was used to determine significance of ratio and percentage data. P o 0.05 was considered statistically significant. OH scavenger TMTU, we tested whether Hcysinduced inflammasome formation and activation can be altered. By confocal microscopy analysis, we demonstrated that Hcys induced colocalization (yellow spots) of inflammasome molecules (NLRP3 (green) vs ASC or caspase-1 (red)) in podocytes, compared to control cells, suggesting increased formation of NLRP3 inflammasomes (Fig. 1A) OH, is involved in Hcys-induced inflammasome formation in podocytes. The colocalization coefficient analyses were summarized and are shown in Fig. 1B . These effects are thought to originate from ROS derived by specific Nox2 activation and, furthermore, this Hcys-induced Nox2 mRNA upregulation was unaffected by O 2 d À scavenging, suggesting that the subsequent effects of scavenging these ROS are due to events occurring downstream of NADPH oxidase activation (Supplementary Fig. 1 ).
Results
Reduction of intracellular
To further confirm inflammasome formation in response to elevated Hcys, size-exclusion chromatography was employed and further provided evidence that Tempol or catalase treatment prevented Hcys-induced inflammasome formation, as shown by the inhibited shift of ASC proteins into higher molecular weight fractions (Fig. 2B) . These fractions are compared to a standard protein size marker in Fig. 2A, a representative chromatogram showing proteins that are part of the inflammasome complex eluted within fractions 3-7 and were analyzed by SDS-PAGE. The intensities of bands were quantified and are summarized in Fig. 2C Aside from measures of NLRP3 inflammasome formation, previous studies have indicated that caspase-1 activation and IL-1β production reflect the activation of NLRP3 inflammasomes [1, 40] . In the present study, we tested whether Tempol and catalase abolish Hcys-induced NLRP3 inflammasome activation. As shown in Fig. 3 , Hcys treatment significantly increased caspase-1 activity and IL-1β production compared to control cells. However, pretreatment of podocytes with either Tempol or catalase significantly attenuated Hcys-induced increases in caspase-1 activity and IL-1β secretion, indicating that O 2 d À and H 2 O 2 are necessary for the functionality of inflammasomes in response to Hcys. In addition we also tested the role of another SOD mimetic, MnTMPyP, as well as cell-permeable PEG-SOD in podocytes with or without Hcys stimulation. We found that pretreatment with either MnTMPyP or PEG-SOD significantly attenuated the Hcysinduced caspase-1 activity and IL-1β production ( Supplementary  Fig. 2 ). We demonstrated that scavenging of mice were treated with Tempol or catalase and fed a normal diet (ND) or FF diet for 4 weeks. HPLC analysis revealed that FF diet treatment significantly increased the plasma total Hcys levels in uninephrectomized C57BL/6J mice compared with ND-fed mice. Neither uninephrectomy nor the treatment with Tempol or catalase altered the Hcys levels on either diet (Supplementary Fig. 3 ). As shown in Fig. 4 , the glomeruli of mice maintained on the FF diet had increased colocalization of NLRP3 with ASC or NLRP3 with caspase-1 compared to ND-fed mice, suggesting the formation of NLRP3 inflammasomes in glomeruli of hyperhomocysteinemic mice. hHcys, known to cause podocyte injury, significantly decreased the amount of podocin staining in the glomeruli, thus resulting in minimal colocalization with inflammasome protein NLRP3 (Fig. 5) . However, the formation of hHcys-induced NLRP3 inflammasomes mainly occurred in injured podocytes within glomeruli, evidenced by the increased colocalization of NLRP3 with the podocyte damage marker desmin (Fig. 5) . This colocalization of NLRP3 was not evident with either VE-cadherin or α-SMA, respective markers of glomerular endothelial and mesangial cells ( Supplementary Fig. 4) . Correspondingly, caspase-1 activity and IL-1β production were significantly enhanced in hyperhomocysteinemic mice compared to normal diet-fed mice, further confirming NLRP3 inflammasome activation (Fig. 6A and B) . Concurrent with this inflammasome activation, SOD-sensitive O 2 d À production was 2.1-fold greater in mice fed the FF diet than in those on the ND (Fig. 6C) . All of these hHcys-induced effects on parameters of inflammasome formation and activation were abolished by administration of either the SOD mimetic Tempol or the H 2 O 2 decomposer catalase. Taken together, these data suggest that both O 2 d À and H 2 O 2 play pivotal roles in hHcysinduced NLRP3 inflammasome formation and activation in glomeruli of hyperhomocysteinemic mice.
In vivo Tempol and catalase administration protected mouse glomeruli from hHcys-induced dysfunction and injury
As shown in Fig. 7 , FF diet-induced hHcys resulted in significantly elevated urinary protein excretion as well as marked pathological changes in glomerular morphology, compared to mice on the ND. However, the hHcys-induced proteinuria and glomerular injury were not evident in hyperhomocysteinemic mice treated with Tempol or catalase. Dismutation of O 2 d À and decomposition of H 2 O 2 was able to prevent hHcys-induced renal dysfunction and glomerular damage, signifying the importance of O 2 d À and H 2 O 2 in the mechanism of hHcys-induced injury.
Discussion
The goal of this study was to dissect which endogenously produced ROS in response to increased Hcys in podocytes in vitro and in vivo contribute to hHcys-induced NLRP3 inflammasome formation and activation. Studies using cultured podocytes revealed that reduction of intracellular O 2 dÀ and H 2 O 2 levels attenuated Hcysinduced NLRP3 inflammasome formation and suppressed downstream caspase-1 activation and IL-1β production. In vivo, dismutation of O 2 d À and decomposition of H 2 O 2 in hyperhomocysteinemic mice not only prevented NLRP3 inflammasome formation in glomeruli, but also protected mice with hHcys from renal dysfunction and glomerular sclerosis. To our knowledge, this study is the first effort to dissect endogenously produced ROS in NLRP3 inflammasome activation in podocytes and glomeruli during exposure to high Hcys levels or hHcys.
There is accumulating evidence indicating that hHcys contributes to the development of a number of degenerative or sclerotic diseases including coronary artery disease, multiple sclerosis, Parkinson's disease, and many complications associated with aging in general, such as osteoporosis and cognitive decline [4, [39] [40] [41] [42] [43] . Elevated levels of this methionine amino acid intermediate have also been considered to be an independent risk factor for chronic renal disease, promoting glomerular dysfunction and end-stage renal disease. Interestingly, renal dysfunction may further elevate plasma Hcys due to impaired renal excretory function, resulting in a so-called vicious cycle and ultimately the development of glomerular sclerosis [44] . In the present study, mice fed a FF diet for 4 weeks indeed exhibited elevated plasma Hcys, significant glomerular structural deterioration, and hindered glomerular function such as proteinuria. We have recently linked these deleterious effects of hHcys to NLRP3 inflammasome formation and activation, in that inhibiting the assembly of this multiprotein complex prevented all these injurious effects of hHcys to the glomeruli [13] . Additional investigations revealed that this activation was dependent on NADPH oxidase-derived O 2 d À , because both genetic and pharmacologic inhibition of NADPH oxidase expression or activity significantly reduced NLRP3 inflammasome formation and activation [14] . Although several models postulate as to how the NLRP3 inflammasome is activated in response to a diverse number of stimulators, many studies have accredited the activation of NLRP3 inflammasomes to the production of ROS [26] , which was determined in this study. Many studies provided increasing evidence for the central role of ROS in NLRP3 inflammasome activation [19, 24, 45, 46] . Additional studies have demonstrated, through the use of either NADPH oxidase inhibitors or general ROS scavengers such as diphenylene iodonium and N-acetylcysteine, that IL-1β production in response to even more diverse stimuli could be prevented [47] [48] [49] [50] . However, by using these general ROS scavengers, it remains largely unexplored as to exactly which species of ROS is being sensed and is indeed contributing to NLRP3 inflammasome activation. Aside from O 2 d À , other species derived from NADPH oxidase include H 2 O 2 , peroxynitrite (ONOO À ), and d OH [51] . A small subset of reports has attempted the use of ROS scavengers, but to our knowledge, the present study is the first to dissect these common endogenously produced ROS to elucidate their roles in hHcysinduced NLRP3 inflammasome activation.
Tempol, used for its antioxidant properties, has been widely demonstrated to have protective effects against many disease models, including diabetes, cardiovascular complications, heart failure, angiogenesis, ischemia-reperfusion injury, cancer, and glomerular injury [52] [53] [54] . Catalase is responsible for the enzymatic decomposition of H 2 O 2 down to H 2 O and O 2 [55, 56] , and TMTU has been used as a specific d OH scavenger [54] . These pharmacologic tools enabled the dissection of the ROS participating in Hcys-induced NLRP3 inflammasome formation and activation. We demonstrated that in vitro dismutation of O 2 d À by With respect to the models of NLRP3 inflammasome activation, there is debate whether pro-or antioxidant events contribute to this phenomenon. Our study, along with many of the aforementioned studies, provided supportive evidence for a ROS-dependent mechanism that can be hindered when these species are scavenged. This concept, however, has been challenged, with evidence demonstrating that ROS inhibition prevents the priming, but not activation, of inflammasomes [66] . Furthermore, monocytes and macrophages isolated from patients with chronic granulomatous disease and from NADPH oxidase-deficient mice exhibited typical IL-1β secretion [67, 68] , which was different from our results in podocytes [14] . It is possible that different cell types may have altered sensitivity to redox regulation of NLRP3 inflammasomes or to different danger signals. Activation of NLRP3 or other inflammasomes in macrophages in vitro may require a priming process, a step that perhaps is not necessary in other cell types [13, 69] . In addition, because NLRP3 inflammasome activation requires only a low level of intracellular O 2 d À or H 2 O 2 as a signaling mechanism rather than a injurious event, monocytes and macrophages isolated from patients with chronic granulomatous disease and from NADPH oxidase-deficient mice may still have enough ROS to stimulate NLRP3 inflammasome activation and IL-1β production. Other ROS-producing pathways in these sick cells may also exert compensatory redox regulation to NLRP3 inflammasome activation. Additional studies are needed to further explore such potential for the redox regulation of NLRP3 inflammasomes in different cell types.
In summary, this study demonstrated that reducing O 2 d À and H 2 O 2 inhibited NLRP3 inflammasome formation and consequent processing of IL-1β, suggesting that both species are importantly implicated in the instigation of Hcys-induced NLRP3 inflammasome activation in cultured podocytes. Similar effects were seen in vivo in glomerular podocytes of hyperhomocysteinemic mice, in which dismutation of O 2 d À by Tempol and decomposition of H 2 O 2 by catalase not only prevented glomerular NLRP3 inflammasome formation and activation, but also importantly protected against hHcys-induced glomerular injury and dysfunction. Together, these results indicate that O 2 d À and H 2 O 2 contribute to inflammasome triggering, podocyte injury, and potential progression to glomerular sclerosis and end-stage renal disease during hHcys.
